The mechanical behavior of extruded pure magnesium during low-cycle fatigue at room temperature was investigated using ultrasonic reflection methods with longitudinal and shear waves. The sound velocities and calculated mechanical properties, Young's and shear moduli, decreased by a large percentage with an increased number of cycles. However, Poisson's ratio and bulk modulus increased before a macroscopic crack occurred. The fatigue behavior was compared with the high-cycle one from a previous study. The fatigue stress amplitude was normalized using 0.2% proof strength to provide a reasonable figure for the mechanical property degradation that would accompany the development of void defect mainly caused by cleavage crack. The damage phase data were determined using optical microscopy, scanning electron microscopy, and Vickers hardness tests.
Introduction
Magnesium alloys show promise as weight-saving materials for achieving a low-carbon society. However, wrought magnesium has not been widely used industrially because the material lacks deformability and has a complex fracture behavior due to a shortage of independent deformation modes in the crystal geometry. Deformation is dominated by basal slip at room temperature, but the slip does not show deformation along the c-axis of the hexagonal close packed (HCP) unit cell. Thus, twinning and hc þ ai slip accommodate the deformation in a complementary manner. 1) Grain boundary sliding (GBS) is also significant for deformation because of the high value of the grain boundary diffusion coefficient.
2) Furthermore, there are the pronounced mechanical properties and their complicated deformation mechanisms behind the sharp single fiber textures created during wrought processing. [3] [4] [5] In a previous study, 6) three acoustic techniques were used to assess the cyclic-tension fatigue of extruded pure magnesium for engineering safety and material science, which promoted the use of magnesium. The results showed that the sound velocities of the longitudinal and shear waves decreased significantly by 0.5% and 2.1%, respectively, just prior to failure. The calculated Young's and shear moduli decreased by 3.4% and 4.2%, respectively. In general, such a large decrease in velocity is uncommon in high-cycle fatigue failures. 7, 8) The main factor for the velocity decrement was thought to be the grain boundary diffusion (Coble creep), based on morphology observations of a void development and construction of deformation mechanism map.
9) The study revealed that grain boundary diffusion could occur during high-cycle fatigue at room temperature. This paper examines the mechanical properties of magnesium during low-cycle fatigue using material from the same lot number as the previous study. The low-cycle and highcycle fatigue behaviors are compared in terms of acoustic elasticity. The anisotropy in the mechanical properties between the loading and transverse directions are also evaluated.
Experimental Procedures

Material and fatigue test conditions
The material tested in this study was pure magnesium (Timminco Ltd., Aurora, CO, USA). The chemical composition is shown in Table 1 , and the mechanical properties of the material are listed in Table 2 . The extruded direction (ED) was parallel to the longitudinal direction (LD), as shown in Fig. 1(a) . The X-ray intensity distribution of the (0001) pole was obtained using a Schultz reflection method in the range of 0 to 90 . The orientation degrees 10) were 0.71 in the normal direction (ND), 0.19 in the LD, and 0.11 in the transverse direction (TD). The surfaces were prepared by polishing with 1000-grit SiC paper, and the samples were subjected to cyclic tensile-stress under controlled conditions. The stress ratio, R, was 0, and the frequency was 30 Hz, which was controlled by a hydraulic servo fatigue tester (FT-5; Saginomiya, Tokyo, Japan) at room temperature. Figure 1(b) shows the cyclic stress as a function of the number of cycles to failure (S-N) for the material under the test conditions. The black and white circles are for the ED = LD in this study and ED = TD from the previous study, 6) respectively. A strong anisotropy in the fatigue strength allowed a low-cycle failure to occur in this study, although we used the same product lots and stress-amplitude, a (28.3 MPa) as the previous study. In this study, the stressamplitude, which was greater than the proof strength, made the sample surface too rough to conduct the ultrasonic measurements accurately. 6, 11) The fatigued samples were prepared separately using a varied number of cycles, where sample A had 0 cycles, sample B had 2 Â 10 4 cycles, sample C had 5 Â 10 4 cycles, and sample D had 6:95 Â 10 4 cycles. Sample D was fatigue fractured with macroscopic cracks. We conducted the ultrasonic measurements before and after the fatigue tests (the fatigued samples were polished again with 1000-grid SiC paper for the measurements) and calculated the rates of change for the ultrasonic parameters using the fatigue progress in each sample. The ultrasonic parameters of the as-extruded material, sample A, are listed in Table 3 .
Ultrasonic measurements
To evaluate the variation in the elastic moduli as fatigue progressed, the longitudinal and shear wave velocities in the middle of the sample ( Fig. 1(a) ) were separately measured using longitudinal wave and vertically polarized shear wave (SV) transducers with a center frequency set to 5 MHz. The diameters of the longitudinal and the shear wave probes were 4 and 10 mm, respectively. The transducers made contact with the sample under a load of 55 N using water-free naphthenic hydrocarbon oil (tungsonic oil H 12) ) at room temperature. The holding time for waveform stabilization was 300 s. The deflected surface of the SVs was aligned in the LD and TD for evaluation of the mechanical anisotropy.
Ultrasonic wave pattern analysis was performed using an elastic modulus system (UMS-H; Toshiba Tungaloy, Kawasaki, Japan). The wave velocities, V l for the longitudinal waves and V s for the shear waves, were obtained from
where T 1 and T 2 are the propagation times of the first and second peaks, respectively, and l is the thickness of the sample. The detailed procedure was described in Ref. 6 ). The wave velocities gave the Young's modulus, E, shear modulus, G, Poisson's ratio, , and bulk modulus, K, according to the following relationships:
where is the density of the sample. Especially, since K is a parameter of volumetric (three-dimensional nonvolumepreserving) deformation, 14) K will become to be sensitive probe for evaluating mechanical morphology of extruded pure magnesium.
Damage phase identification
To identify the ultrasonic measurement results, we evaluated structural variations in the material during the fatigue process using samples, A-D. The surface roughness, R a , which was calculated as the average of the LD and TD, was measured after the fatigue tests. The surface and crosssectional textures in the LD were examined using optical 
microscopy (OM) and scanning electron microscopy (SEM).
In addition, the void ratio and Vickers hardness H V 0.1 were measured at the center of the samples in the LD. The numbers for averaging were 15 view fields at 100 times magnification for the void ratio and 10 points for the hardness. The void ratio was calculated as an area ratio by image binarization.
Results
Ultrasonic analyses
The variations in the longitudinal and shear wave velocities are shown in Fig. 2 , as function of the number of cycles, N. Here, we separated the damage phases by the number of cycles from 0 to 2:0 Â 10 4 (stage I), from 2:0 Â 10 4 to 5:0 Â 10 4 (stage II), and over 5:0 Â 10 4 to failure (stage III). During the test, the longitudinal and shear wave velocities decreased with increased fatigue progress, although the longitudinal wave was stagnant in stage II. Finally, the longitudinal wave velocity decreased by 2.3% (À131 mÁs À1 ) compared to the velocity at the start of the test. The shear wave velocities, with the deflected surfaces aligned in the LD and TD, decreased by 4.4% (À138 mÁs À1 ) and 4.1% (À125 mÁs À1 ), respectively. The rates of change in the velocities were different between the propagation modes. Especially, the large decrements of the shear wave velocities compared to the longitudinal one were distinct.
The variations in the elastic moduli during the fatigue are shown in Fig. 3 (a)-(d). The decrease in the Young's and shear moduli correlated to the decrease in the velocities of the shear waves. The final decreasing rates in both moduli were approximately 8%. However, in all stages, the rate of change in the shear modulus was slightly larger than the Young's modulus. On the other hand, the Poisson's ratio and the bulk modulus increased until stage II. This trend of the Poisson's ratio showed the increased decrement rates of the shear moduli relative to the Young's moduli with damage. In stage III, the ratio and the modulus decreased to failure. The failure behavior of the bulk modulus was notable. In all moduli, the rates of change for the deflected surface aligned in the LD were larger than that in the TD for all stages. Figure 4 (a) shows the appearances of the samples after the fatigue tests. Sample D had a visible macroscopic crack with a length of approximately 12 mm from the side surface. Optical photographs of the fatigued surfaces before and after the polishing are shown in Fig. 4(b) and (c), respectively. The surface roughness increased as the numbers of cycles increased. The polished surfaces revealed that a slight crack occurred even in sample C (Fig. 4(c) ). Figure 5 (a) and (b) show OM images of the cross sections in the LD at the surface and at the center of the samples, respectively. As shown in Fig. 4(c) , we detected crack growth in samples C and D (Fig. 5(a) ). Samples B did not develop cracks. Figure 5(b) shows the void growth with fatigue progress. Even the as-received material, sample A, contained micro-shrinkages, mostly existing at the triple point of the grain boundary.
Material evaluations
6) Some of the voids at the triple point developed into a wedge shape (see sample B). Sample C showed a macroscopic grain boundary separation. The fatigue fractured sample D showed a drastic development of void defects, as depicted by the wedge shape and separation. The variations in the void ratio and hardness are shown in Fig. 6 and Fig. 7 , respectively. The ratio and hardness increased by factors of approximately 1.8 (from 0.062% to 0.111%) and 1.14 (from 32.3 H V 0.1 to 36.9 H V 0.1), respectively. The dramatic increase in the void ratio in stage III was due to the development of macroscopic cracks dominated by fracture mechanics (Fig. 5(a) ).
Discussion
We first considered the difference between the mechanical behaviors for the low-and high 6) -cycle fatigue. Both the samples for the tests were from the same product lot. Only the cutting direction was different; the LD for the high-cycle test was perpendicular to the ED. The mechanical behavior of the material showed strong anisotropy. When the LD was parallel to the ED, the tensile strength, particularly the 0.2% proof strength, decreased considerably. In this study, we conducted the fatigue tests under the same fatigue conditions but varied the direction, resulting in high-and low-cycle fatigue modes. In both the specimens the Young's and shear moduli were almost the same. This meant that the ordinary organization using the stress normalized by the moduli, i.e., strain, never unified the deformation mechanism map of the material. Figure 8 shows the behaviors of the shear wave velocities (Fig. 8(a) ) with deflecting surfaces parallel to the LD and the resulting moduli (Fig. 8(b)-(e) ) in the low-and highcycle fatigue. Here, data from the low-cycle fatigue were normalized by the failure cycles of sample D, 6:95 Â 10 4 , where the macroscopic cracks occurred. Although both the fatigue tests were conducted under the same stress amplitude of 28.3 MPa, the behaviors were quite different. At the N=N f ratio of 0.72 (stage II), where the macroscopic crack which affects the ultrasonic wave strongly had not developed at measured area in both fatigue modes, the decrement ratio of the shear wave velocity in the low-cycle fatigue was about 2.1 times larger compared with the highcycle fatigue ( Fig. 8(a) ). This suggests the fatigued material in low-cycle mode had more internal defects than the highcycle one.
Next, we considered the influence of changes in the velocities (Fig. 2 ) and the resulting moduli (Fig. 3) . Figure 9 (a) through (c) show the change ratios in the longitudinal and shear wave velocities of the aluminum alloy A2024T3, magnesium alloy AZ31B, and pure magnesium in this study, respectively, before and after the fatigue and tensile failures. The data were obtained by the same measurement system using the same ultrasonic probes with this study. Since it was revealed that the alloys after the fatigue failures 7, 8) did not contain the outstanding grain boundary separation as seen in the pure magnesium, we notice that the expected decrement in the wave velocity by the ordinary lattice defects such as dislocation and twinning is not more than 0.7% for longitudinal wave and 0.4% for the shear waves even after tensile failure ( Fig. 9(a) and (b) ). In the AZ31B, the shear wave velocity increased with the fatigue progress. Since the material accumulates the residual stress to the compressive side in plane despite of the cyclic-tension, acoustoelasticity which is a change of acoustic velocity by residual stress is considered as one of the reasons. 8) Whereas, the decrement ratios of the pure magnesium were considerably large and the degrees were almost the same between the low-cycle fatigue and tensile failures. In the high-cycle fatigue of the pure magnesium, although the orientation degrees stayed almost constant, 6 ) the velocity decreased drastically, i.e., the large decrement of the velocity in this material was not due to the misorientation associated with the fatigue. Therefore, as well as the high cycle fatigue, the large decrease in velocities, over 100 mÁs À1 , in this study could be primarily caused by the development of void defects at the grain boundary with an increased number of cycles, as shown in Fig. 5(b)-(c) . In the high-cycle fatigue the dominant defect was inferred due to grain boundary diffusion from the void configuration. 6) Thus, we compared the deformation behaviors of the lowand high-cycle fatigue by considering the proof strength, which is a measure of plastic-strain resistance and would be considered to reflect the influence on the texture difference which caused the difference in the fatigue modes of high and low cycles. Actually, in pure magnesium 0.2% proof strength is applied to show the strain-time curve in creep deformation. 15) Considering the load condition with normalized stress-amplitude, max = 0:2 , where max is the maximum stress-amplitude of the alternate loading and 0:2 is the 0.2% proof strength, the applied stress of the low-cycle fatigue test was approximately 2.5 times larger than the high-cycle fatigue test (1.08 0:2 /0.43 0:2 ). Assuming there was a linear relation between the development of the defect and the decrement of the velocity (Fig. 8(a) ), the stress exponent n could be expressed as shown below: 
where ÁV and N are the rates of changes in the shear wave velocity and the increased number of cycles, respectively, and is the normalized stress amplitude by 0.2% proof strength. The suffix represents the fatigue modes of low and high cycle. Here, under the assumption, the development rate of the defect ÁV=N could be considered to correspond to the strain rate in ordinary creep deformation. In the range of stage II (0:29 < N=N f < 0:72) where the decrements in the velocities show linear behaviors to the numbers of cycles, the stress exponent is approximately 5.6. Therefore, despite the void configuration of Fig. 5(c) , the development of the defect in this study which affected the velocity dominantly could not be limited simply by grain boundary diffusion. From the deformation mechanism map 9) the possible void defects under the fatigue condition are cleavage crack and cavity growth limited by grain boundary diffusion. Both the defects configurations were actually observed in Fig. 5(b) -(c), however, the dominant factor for the velocity is inferred as the former due to the stress exponent value (it may be diffusion-induced cleavage crack).
At any rate, since the development of the voids was quite small (Fig. 6) , the defect was thought to be mainly in a closed state at the grain boundary. The large decrement in the shear wave velocities compared to the longitudinal one, unlike the ordinary failures (Fig. 9 ), suggests this, because a closed void allows a compression strain to propagate ( Fig. 10(a) ). On the other hand, shear wave cannot propagate due to free of elastic restoring force. Besides, in view of the deformation mechanism, the defect would grow mainly along the grain boundary perpendicular to the applied stress, as observed in Fig. 5(b)-(c) . It was also indicated by the acoustic anisotropy of the shear waves in Fig. 2 . When we assumed a slit that was perpendicular to the LD, the shear wave with the deflected surface aligned in the LD was difficult to detour and did not convey its elastic energy (Fig. 10(b) ). Thus, the decrement degree of the velocity of which deflected surface aligned in the LD was larger compared to that in the TD.
In the high-cycle fatigue an evidence of grain boundary diffusion was actually observed, 6) however, the defect of the cleavage crack might also have no small effect on the mechanical behavior, as well as the low cycle fatigue. Detailed investigation of the grain boundary using the focused ion beam-transmission electron microscope (FIB-TEM) method is necessary to clarify the mechanism of the velocity decrement.
Finally, we considered the characteristic behavior of the bulk modulus (Fig. 3(d) ). The bulk modulus is a measure of the amount of volume-deformation energy associated with hardness. The previous study of high-cycle fatigue 6) showed that the modulus decreased in the early stages of fatigue, and then increased toward fatigue failure (Fig. 8(e) ). This characteristic trend suggested a balance shift between softening by rapid void development and work hardening with the number of cyclic loads. In this study, the bulk modulus and the hardness (Fig. 7) actually increased with the number of cycles until stage II. However, the parameters did not match in stage III; the modulus decreased drastically. There was concern that the area measured by the hardness tester H V 0.1 was too local to evaluate the bulk hardness sufficiently. Thus, the result measured using the ultrasonic method in this study reflected the degradation of the hardness in the bulk, which is associated with the growth of the macroscopic cracks. The occurrence of the macroscopic cracks decreased the bulk modulus. Although the hardness in the high-cycle test increased until just before failure, macroscopic cracks were not observed in the evaluated area. This was consistent behavior. Furthermore, in this low-cycle fatigue, since the work-hardening effect was greater than the high-cycle fatigue (the increase rates of the Vickers hardness after the fatigue tests were 1.03 for the high cycle and 1.14 for the low cycle). Therefore, the transition point of the modulus from softening to hardening as seen in the early stages of the high-cycle fatigue would not be notable due to the dominant effect of the hardening.
Conclusions
Ultrasonic reflection methods using longitudinal and shear waves were used to assess the mechanical behavior of Determination of the Mechanical Properties of Extruded Pure Magnesium During Tension-Tension Low-Cycle Fatigueextruded pure magnesium during cyclic-tension in low-cycle fatigue at room temperature. The velocities and the resulting Young's and shear moduli decreased significantly with increased loading. The lattice defects such as dislocation and twinning during ordinary fatigue process cannot explain the large decrement in this study. In consideration of the defect configuration and acoustic characteristics depended on the wave type and deflecting plane, the dominant factor for the velocity was indicated as the growth of slight void at the grain boundary. On the other hand, the bulk modulus showed an increasing trend until stage II due to work hardening. However, the occurrence of macroscopic cracks in stage III decreased the modulus drastically. The mechanical properties for low-cycle fatigue were compared with those of high-cycle fatigue (previous study) conducted on magnesium from the same lot. The property degradation during the low-cycle fatigue test was approximately two times greater compared with the high-cycle test. The stress exponent that was calculated from the normalized stress-amplitude using 0.2% proof strength suggested that the void defect in the low cycle fatigue was mainly caused by cleavage crack, not simply limited by grain boundary diffusion.
